Peroxynitrite (ONOO
M
Ϫ1 s Ϫ1 ) between superoxide (O 2 . ) and nitric oxide (nitrogen monoxide, ⅐ NO) (1, 2) . The continuous formation of low amounts of ONOO Ϫ can be simulated in experimental systems with the O 2 .
and ⅐ NO-releasing compound SIN-1. 1 The pathological activity of ONOO Ϫ and its conjugated acid (hydrogen oxoperoxonitrate (1Ϫ), ONOOH), collectively often referred to as peroxynitrite, may be related to its capability to nitrate tyrosine (3) . On the other hand, there is increasing evidence that peroxynitrite mediates its destructive power via oxidizing protein and nonprotein sulfhydryls (4), membrane phospholipids (5), low density lipoproteins (6) , and NAD(P)H (7).
Ascorbate is not believed to be an important scavenger of peroxynitrite because the intracellular concentration of ascorbate (roughly 1 mM, e.g. in human lung (Ref. 8) and neutrophils (Ref. 9) ) is significantly lower than the intracellular concentration of GSH (5-10 mM; e.g. Ref. 10) , and also because peroxynitrite reacts ϳ5.7 times slower with ascorbate (k(peroxynitrite ϩ ascorbate) ϭ 235 M Ϫ1 s Ϫ1 (Refs. 11 and 12)) than with GSH (13) . In view of the facts, however, that (i) in the presence of physiological concentrations of HCO 3 Ϫ /CO 2 peroxynitrite preferentially reacts with CO 2 (14) to produce the radicals CO 3 . (15, 16) and NO 2 ⅐ (17) with a yield of about 30 -35% (18 -20) and (ii) the reactivity of ascorbate on both radicals is high (1), we hypothesized that ascorbate indeed should be an effective peroxynitrite antagonist under in vivo conditions. Furthermore, ascorbate can often restitute a substrate by rereducing the corresponding substrate radical or radical cation (21) (22) (23) , i.e. an antioxidative process generally referred to as the repair function.
DHR is very sensitive to oxidants derived from peroxynitrite (24) and has thus been used to delineate the antioxidative properties of glutathione peroxidase against peroxynitrite-derived oxidation reactions (25) . We recently observed that peroxynitrite and radicals derived from it rapidly react with NADH (7) to yield O 2 . /H 2 O 2 and NAD ϩ . Using both authentic peroxynitrite and peroxynitrite generated in situ from SIN-1, we studied the inhibitory effects of ascorbate on the oxidation of both NADH and DHR in the absence and presence of CO 2 . Although ascorbate turned out to be a very potent antioxidant against peroxynitrite-derived oxidations reactions in general, surprising differences were found for its antioxidative functions on DHR and NADH oxidation, respectively.
EXPERIMENTAL PROCEDURES
Materials-Catalase from beef liver (EC 1.11.1.6), copper-zinc superoxide dismutase from bovine erythrocytes (EC 1.15.1.1), NADH, and NADPH were obtained from Roche Molecular Biochemicals (Mannheim, Germany). Manganese dioxide, hydrogen peroxide, DTPA, GSH, cysteine, and HClO 4 (suprapure) were from Sigma (Deisenhofen, Germany). Ascorbic acid was from Merck (Darmstadt, Germany). Commercially available mixtures of oxygen 5.0 and nitrogen 5.0 (20.5% O 2 , 79.5% N 2 ; "synthetic air") and commercially available mixtures of oxygen 5.0 and nitrogen 5.0 and carbon dioxide 4.6 (20.5% O 2 , 74.5% N 2 , 5% CO 2 ) were purchased from Messer-Griessheim (Oberhausen, Germany; 5.0 and 4.6 mean purities of 99.999% and 99.996%, respectively). SIN-1 and its decomposition product, SIN-1C, were generously provided by Dr. K. Schönafinger (Hoechst Marion Roussel, Frankfurt/Main, Germany). Peroxynitric acid (O 2 NOOH) solutions (1.57 Ϯ 0.02 M) were prepared freshly each day as described by Appelman and Gosztola (26) with minor modifications. In brief, 0.52 g of NaNO 2 was dissolved in 1.5 ml of 30% H 2 O 2 , and 150 l of 70% HClO 4 was mixed with 1 ml of 30% * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed. Tel.: 49-201-723-4107; Fax: 49-201-723-5943; E-mail: michael.kirsch@uni-essen.de. 1 The abbreviations used are: SIN-1, 3-morpholinosydnonimine Nethylcarbamide; DTPA, diethylenetriaminepentaacetic acid; DHR, dihydrorhodamine 123; RH, rhodamine 123; CO 3 . , trioxocarbonate (1Ϫ); (27) and stored at Ϫ79°C. All other chemicals were of the highest purity commercially available. Solutions-Care was taken to exclude possible contamination by either bicarbonate/carbon dioxide and transition metals. Doubly distilled water was bubbled (2 liters/min) with synthetic air at room temperature for 20 min. This water was used for synthesis of oxoperoxonitrate (1Ϫ), NaOH (0.01-0.5 N) and for all other solutions. Phosphate buffer solutions (50 mM) were treated with the heavy metal scavenger resin Chelex 100 (0.3 g/0.5 g in 10 ml) in the absence and presence of ascorbate (400 mM) by gently shaking for 18 h in the dark. After low speed centrifugation for 5 min, the solutions were carefully decanted from the resin. The resin treatment resulted in an increase of pH by about 0.25 units. Various additives (DTPA, NADH, thiols) were then added. The pH was adjusted to 7.5 at 37°C, and the solution was again bubbled (2 liters/min) with synthetic air or with the CO 2 mixture for 20 min. In the case of CO 2 bubbling, the pH had to be readjusted to 7.5. SIN-1 solutions were prepared as 100ϫ stock solutions at 4°C in 50 mM KH 2 PO 4 and used within 15 min.
Experimental Conditions-SIN-1 was added to 1 ml of phosphate buffer and incubated in 12-well cell culture plates (volume of each well: 7 ml; Falcon, Heidelberg, Germany). Under HCO 3 Ϫ /CO 2 -free conditions, these plates were placed in an air-tight vessel (10 liters). During the first 15 min of each experiment, these vessels were flushed (5 liters/ min) with synthetic air in a warming incubator (Heraeus, Hanau, Germany). In the presence of HCO 3 Ϫ /CO 2 the plates were placed in an incubator for cell culture (37°C, humidified atmosphere of 95% authentic air and 5% CO 2 ; Labotect, Göttingen, Germany). The experiments with authentic peroxynitrite (2 l of 25-125 mM ONOO Ϫ in 0.5 N NaOH was added to 1 ml of reaction solution) and with peroxynitric acid (1 l of 1.57 M O 2 NOOH was added to 1 ml of reaction solution) were performed in reaction tubes (1.4 ml; Eppendorf, Hamburg, Germany) by using the drop-tube vortex mixer technique as described previously (28) . Under HCO 3 Ϫ /CO 2 -free conditions, the experiments with authentic peroxynitrite and peroxynitric acid were performed in a glove-bag (Roth, Karlsruhe, Germany) under synthetic air.
Determination of Ascorbate-Ascorbate was quantified by reading its absorbance at 265 nm (⑀ M ϭ 14500 M Ϫ1 cm
Ϫ1
; Ref. 29) after the pretreatment of the stock solution with Chelex 100.
Determination of SIN-1 and SIN-1C-SIN-1 and SIN-1C were quantified by capillary zone electrophoresis on a Beckman P/ACE 5000 apparatus as described previously (28) .
Determination of Rhodamine 123-Formation of RH was quantified spectrophotometrically at 500 nm (⑀ M ϭ 78,000 M Ϫ1 cm
) (30) . Determination of Peroxynitric Acid-The concentration of the peroxynitric acid stock solution (0.2 l) was quantified by the amount of O 2 released in 100 mM potassium phosphate buffer (1 ml) at pH 11. O 2 was determined polarographically with a Clark-type oxygen electrode (Saur, Reutlingen, Germany).
Determination of NADH-NAD(P)H was quantified by reading its fluorescence with excitation at 339 nm and emission at 460 nm (31) . Standard calibration curves were prepared from known amounts of NAD(P)H. Additionally, the oxidation of NAD(P)H was followed photometrically at 340 nm using ⑀ 340 ϭ 6200 M Ϫ1 cm Ϫ1 (31). Both methods gave identical results; therefore, only one parameter, the decrease of fluorescence, will be shown here.
Determination of O 2 .
-Superoxide radicals were determined by using the modified ferricytochrome c reduction technique of McCord and Fridovich (32) . Peroxynitrite (100 M) was vortexed to the reaction solution in the presence of both NADH (500 M) and cytochrome c 3ϩ (20 M) and in the absence and presence of SOD (625 nM, i.e. 100 units/ml). NADH was added in surplus amounts to prevent reaction of (residual) peroxynitrite with SOD and cytochrome c 2ϩ formed. The resulting mixture was stored for 2 min at 37°C. Cytochrome c 2ϩ formation was determined by reading its absorbance at 550 nm (⌬⑀ 550 ϭ 21,000 M . .
RESULTS
The experiments with SIN-1 were carried out as end point determinations after 3-4 h of incubation at 37°C. After that time, SIN-1 (25-150 M) was completely degraded, as checked by capillary zone electrophoresis (data not shown).
Effect of Ascorbate on Peroxynitrite-derived Oxidation of NADH-In the absence of HCO 3
Ϫ /CO 2 about 80 M residual NADH was found after incubation of 150 M SIN-1 with 200 M NADH (Fig. 1A) . Under this condition, ONOOH is apparently the decisive oxidant (7). A 6.2-fold surplus of GSH had to be used to achieve a half-maximal NADH protection (IC 50 : 1240 Ϯ 20 M GSH), in good agreement with the fact that ONOOH has been estimated to react ϳ7.4 times faster with NADH than with GSH (7, 13) . Ascorbate was 16.5-fold more effective to prevent NADH oxidation (IC 50 : 75 Ϯ 2 M) as compared with GSH. As ONOOH reacts ϳ6-fold faster with GSH than with ascorbate (11-13), the protection on NADH oxidation exerted by ascorbate in the absence of HCO 3 Ϫ /CO 2 cannot be explained by direct reaction with ONOOH.
In the presence of HCO 3 Ϫ /CO 2 , about 60 M residual NADH was detected after a 4-h incubation with SIN-1 (Fig. 1B) . GSH now had largely lost its capability to protect NADH; a high concentration of ϳ15 mM had to be applied to achieve a halfmaximal protection. In contrast, the strong protective effect of ascorbate was even further increased in the presence of HCO 3 Ϫ / CO 2 (IC 50 : 61 M). Similar results were obtained by replacing NADH with NADPH (data not shown). The fact that ascorbate was 249-fold more effective than GSH to prevent NADH oxidation suggests that the CO 3 . radical should be the main oxidant, because it is known that CO 3 . reacts 260 times faster with ascorbate than with GSH (1). To provide further evidence for this assumption, a comparison between the IC 50 /[NADH] ratios and the ratios of the corresponding rate constants, namely k(NADHϩCO 3 . )/k(scavengerϩCO 3 . ), was made (Table I) . The IC 50 /[NADH] ratios correlated reasonably well with the ratios of the corresponding rate constants, supporting the view that NADH was most likely attacked by the CO 3 . radical.
In the presence of CO 2 , two radicals, namely CO 3 . and NO 2 ⅐ , are produced from peroxynitrite. Both radicals are expected to rapidly oxidize NADH (7) . Thus, the question rose as to why NO 2 ⅐ was apparently not involved in the SIN-1-induced oxidation of NADH. Since reaction of peroxynitrite with NADH yields O 2 . in the absence of CO 2 (7), and because formation of peroxynitrate (O 2 NOO Ϫ , t 1/2 ϭ 0.7 s, pK a ϭ 5.9; Ref. 34) has been observed from reaction of peroxynitrite with various substrates in the presence of CO 2 (19, 20) , we speculated that NO 2 ⅐ has been transformed into O 2 NOO Ϫ in these experiments. In fact, we found that O 2 . was formed from the reaction of authentic peroxynitrite (100 M) with NADH (500 M) in the presence of CO 2 as well (3.
, three experiments performed in duplicate). As there is no specific detector molecule for peroxynitrate presently available, we tried to provide further evidence for the formation of this compound by analyzing parameters that reflect the underlying reaction mechanism. As has been shown by Halliwell (35) , O 2 uptake correlates strictly with NADH consumption when NADH is non-enzymatically oxidized by one-electron oxidants (Scheme I).
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However, such a correlation should not exist in the present system when peroxynitrate is nearly stoichiometrically formed as an intermediate (Scheme II) .
In the absence of CO 2 , 250 M authentic peroxynitrite generated ϳ44 M O 2 , in agreement with data from previous reports (28, 36, 37) (Table II) priori cannot be regarded as an inactivation process for NO ⅐ 2 , because peroxynitrate has been reported to oxidize NADH even at pH 7.1 (38) . Since the efficiency of this reaction is unknown, we studied the authentic peroxynitrate-derived NADH oxidation and the antioxidative effect of ascorbate on it (Fig. 2) (Table III) . Since ONOOH reacts ϳ6 times slower with ascorbate than with GSH, but, vice versa, ascorbate (IC 50 : 6 M) was ϳ5 times more effective than GSH (IC 50 : 32 M) to inhibit peroxynitrite oxidation of DHR (Table III) , the strong inhibitory effect exerted by ascorbate again cannot be explained by scavenging of ONOOH. In the presence of CO 2 , the NO 2 ⅐ radical (24) and the more powerful CO 3 . radical (E°(CO 3 . /CO 3 2Ϫ ) ϭ 1.5 V (Ref. 41) ) are expected to oxidize DHR. Indeed, the yield of RH increased in the presence of CO 2 to 16.5 Ϯ 0.4 M (Table  III) . In line with the CO 2 -free situation, ascorbate exhibited again a very strong protection against in situ generated peroxynitrite from SIN-1 (IC 50 : 7 M). The fact that the strong protection of DHR by ascorbate was insensitive to the presence of CO 2 disproves scavenging of the attacking species by ascorbate. Thus, ascorbate should reconstitute DHR by reducing the intermediary DHR radicals. In line with this notion, other detector molecules for peroxynitrite, namely pyrogallol red, gallocyanine, and carminic acid, are also effectively protected by an ascorbate-mediated repair of the corresponding substrate radicals (42) .
To further classify the protective effect exerted by ascorbate on DHR oxidation additional experiments with authentic peroxynitrite were performed. In the absence of CO 2 , authentic peroxynitrite (50 M) yielded 15.2 Ϯ 0.4 M RH from DHR (50 M) (Table III) . In line with the experiments performed with SIN-1, ascorbate very effectively inhibited peroxynitrite-derived formation of RH (IC 50 : 10 M). Furthermore, GSH was ϳ6 times less effective than ascorbate (IC 50 : 58 M). Noticeably, selenomethionine was 4.5-fold less effective than ascorbate to inhibit peroxynitrite-derived oxidation of DHR. Since the protection exerted by selenomethionine on DHR was roughly comparable to data of Sies et al. (25) (Table III) , ascorbate should even be more effective than glutathione peroxidase to protect DHR against peroxynitrite. In the presence of CO 2 , authentic peroxynitrite (50 M) to some degree lost its properties to oxidize DHR (50 M) because only 9.7 Ϯ 0.1 M RH was found. However, the ascorbate-derived protection on DHR was again almost insensitive to the presence of CO 2 (IC 50 : 13 M). In contrast, GSH largely lost its properties to protect DHR (IC 50 : 1140 M), whereas the selenomethionine-dependent protection (IC 50 : 40 M) increased slightly compared with the CO 2 -free situation. Thus, as expected, the repair function of ascorbate is influenced neither by the presence of CO 2 nor by the applied source of peroxynitrite.
DISCUSSION
Antioxidative Mechanisms-In the presence of CO 2 , ascorbate prevented NADH oxidation by in situ generated peroxynitrite via scavenging of the CO 3 . radical (Fig. 3 ), in accord with the fact that ascorbate reacts at a near to the diffusion-controlled rate with this oxidant (1). The fact that ascorbate reacts ϳ100 times more slowly with NO 2 ⅐ than with CO 3 . did not, somewhat surprisingly, restrict the antioxidative effect of ascorbate toward peroxynitrite. This is because two additional protection mechanisms, namely an ascorbate-independent mechanism, formation of peroxynitrate, and an ascorbate-dependent one, the repair function, operate simultaneously. The chemical nature of the intermediary substrate radicals primarily determines the kind of the additional protection mechanism. (44) . Using simple models of competition kinetics, it can be calculated that the ascorbate concentration necessary to repair 50% of the amount of the NADH ϩ ⅐ radical should lay in the range of 12.5-125 mM ascorbate. Since ascorbate does not reduce NAD ⅐ radicals to NADH at pH 7 (45), the ascorbate concentrations applied in this study (up to 1.6 mM, which reflects typical intracellular concentrations of ascorbate (Refs. 8, 9, and 46)) are ineffective in repairing radicals produced from reduced nicotinamides.
The question whether ascorbate at physiological concentrations directly reacts with the peroxynitrite-CO 2 adduct (ONO-OCO 2 Ϫ ) is difficult to determine, as there is currently a discrepancy in the literature regarding the lifetime of this intermediate. Alfassi et al. (47) (52, 53) and DHR (24) . In addition, ONOOH is capable of indirectly attacking almost all biologically relevant molecules via its property to donate HO ⅐ and NO 2 ⅐ radicals (17, 54). In this case, the oxidative action of peroxynitrite is similar to the one in the presence of CO 2 , namely HO ⅐ ϩ NO 2 ⅐ versus CO 3 . ϩ NO 2 ⅐ . Ascorbate reacts with HO ⅐ radicals in a diffusion-controlled manner (1); thus, the ascorbate-mediated protection of NADH in the absence of CO 2 is likely to result from scavenging of the HO ⅐ radical. Although not indicated by our O 2 uptake measurements (Table II) , deactivation of NO 2 ⅐ via its reaction with O 2 . seems also be feasible here. Since the ascorbate-derived repair function on DHR is highly effective, it is not possible to decide with certainty whether scavenging of the HO ⅐ radical (or of the CO 3 . radical in the presence of CO 2 ) might additionally contribute to the antioxidative properties. Putative (Patho)physiological Relevance-The protective effect of ascorbate on peroxynitrite-induced oxidation of DHR indicates that the repair function rather than scavenging of the attacking oxidant is the decisive antioxidative function. Except from NAD(P)H, ascorbate should be able to diminish the destructive action of peroxynitrite by subsequently restituting the substrate. Sturgeon et al. (23) concluded that, at physiological concentrations, a mixture of ascorbate and GSH repairs tyrosyl radicals exclusively via ascorbate. The fact that GSH was rather unable to protect NADH against the attack of NO 2 ⅐ released from authentic peroxynitrate and of CO 3 . released from in situ generated peroxynitrite further underscores the limited antioxidative properties of GSH against the action of these radicals. Thus, an antioxidant other than GSH should counteract the oxidative power of peroxynitrite in vivo. The present results strongly favor ascorbate to be this compound.
Since nitric-oxide synthase yields peroxynitrite (55) and because nitric-oxide synthase and SIN-1 act in a similar manner (56, 57) , the in vivo situation is best mimicked by the experiments performed with SIN-1 in the presence of CO 2 (Fig. 1) . The total amount of ascorbate in human liver lies in the range of ϳ700 nmol/g wet weight (46) , whereas the total amount of NAD(P)H in rat liver was found in the range of ϳ400 nmol/g wet weight (58) . Therefore, it can be estimated that 75-90% of the intracellular NAD(P)H can be protected by intracellular ascorbate against the attack of ⅐ NO/O 2 . . In line with the decisive role of ascorbate, the destructive action of peroxynitrite in several pathophysiological processes appears to be connected with the depletion of ascorbate. For instance, formation of nitrotyrosine, which is believed to be an in vivo marker of peroxynitrite, and a depletion of ascorbate is evident in patients with asthma (59, 60) and adult respiratory distress syndrome (60, 61) . Furthermore, there are strong indications that this is also true in amyotrophic lateral sclerosis (62, 63) and in atherosclerosis (60, 64) .
